A novel protein overexpression system of Aspergillus oryzae was constructed. Five promoters which originate from A. oryzae expressed sequence tag (EST) clones in submerged culture were obtained by genome walking. These were subjected to -glucuronidase (GUS) reporter assays. The promoter of manganese superoxide dismutase-encoding gene (sodM) showed the most GUS production. The sodM gene was abundantly expressed in submerged culture but little expressed in solid-state culture. The sodM promoter was approximately 3-fold induced by the addition of 0.01% H 2 O 2 . Glucoamylase production in A. oryzae using the sodM promoter led to secretion of approximately 1 g/l-broth in Czapek-Dox medium for 3 d. Fucose lectin production in A. oryzae using the sodM promoter led to overexpression as a specific and abundant intracellular protein.
Aspergillus oryzae is used in the fermentation of the traditional Japanese foods, sake, miso, soy sauce, and mirin, and is generally recognized as safe (GRAS). A. oryzae produces many kinds of enzymes and secondary metabolites and is important industrially as a recombinant host because of its high-level productions of homologous and heterologous proteins. For efficient gene expression in A. oryzae, it is essential that expression of a target gene is artificially enhanced by promoter sequences which originate either from the host organism itself or from a related species. Many promoters of A. oryzae have been reported for efficient recombinant protein production. One family of promoters originates from the genes of hydrolytic enzymes such as -amylase (amyB), 1, 2) glucoamylase (glaA), 3) glucosidase (agdA), 4) xylanase (xynF1), 5) and tannase (the tannase gene). 6) Another family of promoters originates from the genes of glycolytic enzymes, glyceraldehyde-3-phosphate dehydrogenase (gpdA), phosphoglycerate kinase (pgkA), and enolase (enoA).
7)
The other promoters originate from the genes of translation elongation factor (TEF1), 8) No. 8 AN, 9) and tyrosinase (melO). 10) These promoters led to success of high-level protein production in A. oryzae.
We identified two culture-specific expression promoters, melO encoding tyrosinase 11, 12) for submerged culture and glaB encoding glucoamylase 13) for solidstate culture. These culture-specific promoters led to a high level of recombinant protein production in A. oryzae. But recombinant protein production using melO promoter for submerged culture required a long culture period, and the other promoters are required to shorten the culture period. 11, 12) We expect that A. oryzae EST analysis will give useful information on unknown promoters for more efficient recombinant protein production in submerged culture of A. oryzae.
Here we report that the manganese superoxide dismutase gene (sodM) promoter screened from the A. oryzae EST library is specifically expressed in submerged culture, that it is very useful for abundant recombinant protein production in submerged culture of A. oryzae, and that it makes the culture period shorter.
Materials and Methods
Strains, plasmids, and culture media. The A. oryzae niaD mutant (AON-2) isolated in our laboratory was used throughout the transformation experiments for GUS reporter assay, recombinant glucoamylase production, and recombinant lectin production. The A. oryzae strain (OSI 1013) was used for genome walking, molecular cloning of the promoter gene, and Northern blot analysis. The A. oryzae argB mutant (M-2-3), 14) supplied by National Research Institute of Brewing, was used for recombinant glucoamylase production. The pNIA2, 7.7 kb plasmid, carrying the 4.5 kb PstI-HindIII fragment of the A. oryzae niaD gene 15, 16) (DDBJ/ EMBL/GenBank no. D49701) in pUC119 (Takara Bio, Kyoto, Japan), was used for transformation of the A. oryzae niaD mutant (AON-2). The pNBG, 10.7 kb plasmid, carrying the 2.0 kb SalI-XhoI fragment of E. coli uidA (STRATAGENE, California, U.S.A) and the 1.0 kb SalI-XhoI fragment of the A. oryzae glaB terminator (DDBJ/EMBL/GenBank no. AB007825) in pNIA2, was used for promoter analysis. pRBG1, a 7.6 kb plasmid carrying the 3.0 kb A. nidulans argB gene 14) (DDBJ/EMBL/GenBank no. M29819), supplied by National Research Institute of Brewing, was used for transformation of A. oryzae argB mutant (M-2-3). 14) E. coli JM109 (Takara Bio, Kyoto, Japan) and the pUC plasmids were used for DNA manipulation. The submerged cultures for recombinant glucoamylase and lectin production were done at 30 C for 72 h in 100 ml of Czapek-Dox medium (0.3% NaNO 3 , 0.2% KCl, 0.1% KH 2 PO 4 , 0.05% MgSO 4 . 7H 2 O, and 0.002% FeSO 4 . 7H 2 O together with 6% glucose, pH 6.0). The submerged cultures for GUS assay were done at 30 C for 72 h in 100 ml of Czapek-Dox medium or in 100 ml of DPY medium (3% glucose, 0.2% KCl, 0.1% KH 2 PO 4 , 0.05% MgSO 4 . 7H 2 O, 1% peptone, and 0.5% yeast extract, pH 6.0). In the solid-state culture of rice, the A. oryzae OSI 1013 strain was grown on steamed rice at [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] C for 42 h. Used rice grain was polished to 70% of total weight and steamed for 45 min. In the solidstate culture of wheat bran, the A. oryzae OSI 1013 strain was grown on 10 g of sterilized wheat bran saturated with 80% (v/w) water at 30 C for 72 h.
Transformation, genomic Southern and Northern blot analysis. Transformation of E. coli was done by the method of Hanahan. 17) Transformation of A. oryzae was done by the method of Iimura et al. 18) Genomic DNA was prepared by the method of Tsuchiya et al., 19) and total RNA by the method of Cathala et al. 20) Twenty micrograms of genomic DNA digested with SalI were subjected to Southern blot analysis using the 4.5 kb A. oryzae niaD fragment or the 3.0 kb A. nidulans argB fragment 14) as hybridizing probes. Twenty micrograms of total RNA were subjected to Northern blot analysis using the 0.6 kb A. oryzae sodM fragment as the hybridizing probe. Gene Images labeling and a CDPstar detection system kit (Amersham Biosciences, London, U.K.) were used for Southern and Northern blot analysis respectively.
Primer sequences. The primer sequences used in all experiments are shown in Table 1 .
Genome walking and cloning of promoter genes. The A. oryzae genome walking library was constructed according to Genome Walker kit (CLONTECH, California, U.S.A), using DraI, EcoRV, PvuII, ScaI, or StuI for genomic DNA digestion. 21) For molecular cloning of promoter genes, gene-specific primers were synthesized based on five A. oryzae EST clones: primer 1 for sodM encoding a manganese superoxide dismutase; primer 2 for sodC encoding a copper, zinc superoxide dismutase; primer 3 for hisA encoding a histone H2A; primer 4 for actA encoding an actin; and primer 5 for svaA encoding a small V-ATPase. The genome walking PCRs were done between the upper adaptor primer 6 and the genespecific primers described above, and the PCR program was seven cycles of 94 C for 25 sec and 72 C for 3 min and 32 cycles of 94 C for 25 sec and 67 C for 3 min. The PCR products were extracted from agarose gel and subjected to direct DNA sequencing.
Polymerase chain reaction (PCR). PCR amplification was done on 100 ng of template DNA in 100 l of a reaction mixture containing 20 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , 250 M of each dNTP mixture, 100 pmol of each primer, and 2.5 U of Ex Taq DNA polymerase (Takara Bio, Kyoto, Japan). Thirty PCR cycles were used: denaturation at 94 C for 1 min, annealing at 55 C for 1 min, and extension at 72 C for 3 min.
DNA sequencing. DNA sequencing was done using BigDye-terminator kit and Genetic Analyser 310 (Applied Biosystems, London, U.S.A).
Construction of plasmids for promoter analysis. The promoter regions were amplified against the A. oryzae OSI1013 genomic DNA by PCR using the synthesized oligonucleotide primers with additional PstI sites (5 0 -AACTGCAG-3 0 ) or SalI (5 0 -ACGCGTCGAC-3 0 ) at both ends: the sodM promoter (À1038 to À1), upper primer 7, and the lower primer 8; the sodC promoter (À900 to À1), the upper primer 9, and lower primer 10; the hisA promoter (À685 to À1), upper primer 11, and lower primer 12; the actA promoter (À974 to À1), upper primer 13, and lower primer 14; the svaA promoter (À897 to À1), upper primer 15, and lower primer 16; the melO promoter (À1173 to À1), upper primer 17, and lower primer 18. The amplified fragments of sodM, sodC, hisA, actA, and melO were subjected to PstI and SalI followed by subcloning into the pNBG. The remaining svaA fragment was subjected to PstI followed by subcloning into the pNBG in the same direction as uidA. The sequences of the amplified DNA fragments were confirmed by nucleotide sequencing analysis. These plasmids were transformed into the A. oryzae niaD mutant (AON-2).
Construction of glaB and fleA gene expression plasmids under the control of the sodM and melO promoters. Combined PCRs 22) were done to construct fusion genes of the promoter for sodM and melO, the ORF and terminator for glaB 13) and fleA.
12)
The sodM promoter (À1038 to À1) was amplified by PCR with upper primer 19 containing the synthesized PstI site, and lower primer 20 for glaB and primer 21 for fleA, which were capable of anealing with the respective primers 22 and 23. The ORF and terminator for glaB (2625 bp downstream from the start codon) and those for fleA (1630 bp) were amplified by PCR with upper primer 22 for glaB and primer 23 for fleA, which were capable of anealing with those in the respective primer 20 and 21, and lower primer 24 for glaB and primer 25 for fleA, which had the synthesized PstI sites. Each mixed PCR product was subjected to the second PCR amplification between primer 19 and 24 for glaB, and between primer 19 and 25 for fleA. Each PCR product obtained was digested with PstI. glaB was subcloned into pNIA2 to produce pNMB1, and into pRBG1 to produce pRMB1. fleA was subcloned into pNIA2 to produce pNMF. The sequences of amplified DNA fragments were confirmed by nucleotide sequencing analysis. pNMB1 and pNMF were transformed into the A. oryzae niaD mutant (AON-2), and the pRMB1 was transformed into the A. oryzae argB mutant (M-2-3).
14)
The melO promoter (À1173 to À1) was amplified by PCR with upper primer 26 containing the synthesized PstI site, and lower primer 27 anealing with primer 28. The glaB ORF and terminator (2625 bp downstream from the start codon) were also amplified by PCR with upper primer 28 anealing with primer 27 and lower primer 24. Each mixed PCR product was subjected to the second PCR amplification with primer 26 and 24. The PCR products (3.5 kb) obtained were digested with PstI, and were subcloned into pNIA2 to produce pNEB1 and into pRBG1 to produce pREB1. The sequences of amplified DNA fragments were confirmed by nucleotide sequencing analysis. The pNEB1 was transformed into the A. oryzae niaD mutant (AON-2), and the pREB1 was transformed into the A. oryzae argB mutant (M-2-3).
-Glucuronidase assay. Cell-free extract was prepared as reported above. -Glucuronidase activity was measured according to the method of Jefferson et al.
23)
Glucoamylase assay. Glucoamylase activity was measured according to the method of Iwano et al., 24) one unit of glucoamylase activity being defined as the amount which liberates 1 mg of glucose per hour at 40 C from soluble starch. To calculate the glucoamylase yield, the specific activity of glaB-type glucoamylase was designated 550 unit/mg-protein.
25) The glucoamylase content (%) was determined by the ratio between extracellular protein concentration as described below and the glucoamylase concentration determined by the specific activity.
Hemagglutination assay. After collection of the cultured mycelia, cell-free extracts were prepared by disruption with liquid N 2 followed by extraction with 10 mM KPB (pH 7.0). The hemagglutination of cell-free extract was sequentially diluted with PBS, then mixed with an equal volume (25 l) of 2% rabbit erythrocytes suspended in PBS.
Measurement of protein concentration. The protein concentration was obtained with a protein assay kit (Bio Rad Laboratories, California, U.S.A) using bovine serum albumin as the standard.
26)
SDS-PAGE analysis. Electrophoresis was done by the method of Laemmli 27) in a 10-20% gradient polyacrylamide gel (Daiichi Chemicals, Tokyo, Japan) in 25 mM Tris-HCl-0.192 M glycine containing 0.1% SDS. The gel then was stained with Coomassie brilliant blue R-250.
Results

GUS reporter assays of various A. oryzae promoters
The melO promoter was expressed efficiently in submerged culture of A. oryzae, and glaB-type glucoamylase production under the control of melO promoter reached approximately 1.0 g/l-broth.
11) But it took approximately 10 d to lead to 1.0 g/l-broth glucoamylase production under melO promoter control in submerged culture of A. oryzae, and hence this expression system would be difficult for industrial applications due to its time-consuming culture. Hence we tried to find a novel promoter for efficient recombinant protein production in shorter periods in submerged culture of A. oryzae.
The first strategy for molecular cloning of novel promoters was to screen various A. oryzae EST clones to find ones be specifically and abundantly expressed in submerged culture of A. oryzae. Five EST clones were chosen which were efficiently and abundantly expressed in submerged culture judging from expression profile information. It was easy to identify the start codons using a BLAST homology search. They were expected to encode a manganese superoxide dismutase (sodM, DDBJ/EMBL/GenBank no. AB078724), a copper and zinc superoxide dismutase (sodC, DDBJ/EMBL/ GenBank no. AB078725), a histone H2A (hisA, DDBJ/ EMBL/GenBank no. BD015280), an actin (actA, DDBJ/EMBL/GenBank no. BD015277), and a small V-ATPase (svaA, DDBJ/EMBL/GenBank no. BD015276). These promoter regions were obtained by genome walking of the A. oryzae OSI 1013 strain by the use of gene-specific primers corresponding to approximately 100 bp downstream of the expected start codons. The promoter sequences determined were 1038 bp of sodM, 900 bp of sodC, 685 bp of hisA, 1001 bp of actA, and 1196 bp of svaA. These sequences and start codons were confirmed by DNA sequencing of the full-length cDNAs and genomic ORFs.
These five promoters and the melO promoter were subcloned upstream of uidA in pNBG, and the resultant plasmids were transformed into AON-2 strains with niaD as a selectable marker. Transformants for promoter analysis were selected which had single-copy plasmids at the niaD loci of genomic DNA as confirmed by Southern blot analysis (data not shown). Each transformant was grown in submerged Czapek-Dox and DPY media at 30 C for 3 d. Each GUS production is shown in Table 2 . The values are average results of the same experiment in triplicate. The sodM promoter showed the highest GUS production, about 10-fold more than the melO promoter in the Czapek-Dox medium. The sodM promoter appeared to be an important candidate for efficient protein production in submerged culture of A. oryzae.
The expression profile of the sodM gene
The expression profiles of the sodM promoter were investigated for application to efficient protein production in submerged culture of A. oryzae. sodM eocodes a manganese superoxide dismutase capable of scavenging active oxygen, and is expected to be induced by the addition of various oxidants. GUS production of the transformant for sodM promoter analysis grown at 30 C for 3 d on the submerged Czapek-Dox medium containing H 2 O 2 , iron ions, or linoleic acid are shown in Fig. 1 . These values are average results of the same experiment in triplicate. GUS production by the addition of 0.01% H 2 O 2 was approximately 3-fold higher than the control (no addition or growth at 30 C). Northern blot analysis of sodM was done to investigate whether or not the sodM promoter was expressed in solid-state culture as well as in submerged culture (Fig. 2) . The sodM was specifically and abundantly expressed in submerged culture but little expressed in the solid-state cultures on rice or wheat bran.
Overexpression of the glaB gene under the control of the sodM promoter in A. oryzae glaB gene expression in A. oryzae under the control of the sodM promoter was investigated. The plasmids, pNMB1 containing the sodM promoter and pNEB1 containing the melO promoter, were transformed into AON-2 strains with niaD as a selectable marker. Each single-copy integrant at the niaD locus in the genome DNA was selected by Southern blot analysis (data not shown). The sodM promoter reached approximately 1.0 g/l-broth glucoamylase production at 30 C for 3 d in the submerged Czapek-Dox mediums, and the addition of 0.01% H 2 O 2 led to increase of about 20% in glucoamylase production (Fig. 3) . SDS-PAGE analysis of the culture broths indicated that recombinant glucoamylase occupied 99% of the whole extracellular protein (Fig. 3) . The values show GUS production (U/mg-protein). Each transformant was grown on the submerged Czapek-Dox or DPY medium for 3 d.
glaB-type glucoamylase production under sodM promoter control was done in A. oryzae M-2-3, in which the melO promoter was little expressed. The plasmid pRMB1 containing the sodM promoter was transformed into M-2-3 strains with argB as a selectable marker, and five independent transformants were selected which had multiple copies of plasmids in the genome DNA, as confirmed by Southern blot analysis (data not shown). Five showed variable glucoamylase production, which were dependent upon the copy numbers of the introduced plasmids. One produced approximately 1.6 g/lbroth of glucoamylases at 30 C for 3 d in the submerged Czapek-Dox medium (data not shown). These results suggest that the sodM promoter was efficiently expressed in the A. oryzae M-2-3 strain.
Overexpression of the fleA gene under the control of the sodM promoter in A. oryzae
The fleA gene encoding an A. oryzae lectin was overexpressed in A. oryzae under the control of the sodM promoter. The plasmid pNMF containing sodM promoter was transformed into AON-2 strains with niaD as a selectable marker. The single-copy integrant at the niaD locus in the genome DNA was selected by Southern blot analysis (data not shown). After the transformant was cultured in the submerged CzapekDox medium at 30 C for 3 d, the cell-free extract of mycelia was analyzed by SDS-PAGE and hemagglutination assay. The hemagglutination activity of the transformant against rabbit erythrocytes was approximately 100-fold higher than that of the control strain transformed with pNIA2. Figure 4 indicates that the fleA gene product corresponding to a molecular mass of about 35,000 was specifically detected.
Discussion
This report indicates a novel protein overproduction system in submerged culture of A. oryzae with the sodM promoter. A protein overproduction system in A. oryzae with the melO promoter has been reported, but this causes significant problems due to the time-consuming culture period and the fact of no expression in the A. oryzae M-2-3 strain. First, we had an idea to isolate a novel promoter for efficient recombinant protein production in submerged culture of A. oryzae, which can shorten the culture period.
Promoters for efficient recombinant protein production in A. oryzae have been reported as amyB, 1,2) glaA of A. niger, 28) glaA of A. oryzae, 3) improved agdA with multiple copies of Region III sequences, 29) TEF1, 8) enoA, 7) xynF1, 5) No. 8AN, 9) tannase gene, 6) pgkA (DDBJ/EMBL/GenBank no. D28484), and gpdA (DDBJ/EMBL/GenBank no. AF320304). These promoters previously reported were almost all expressed in submerged and solid-state culture of A. oryzae. On the other hand, the culture-specific promoters, melO 10, 11) and glaB, led to more efficient recombinant protein production in each culture. We offer the hypothesis that culture-specific promoters may have higher promoter activity than the promoters previously reported in each particular culture. The recent data for A. oryzae EST analysis gives useful information for screening a novel promoter suitable for improvement of recombinant protein production in submerged culture of A. oryzae by the melO promoter. The five promoters were cloned using information from the A. oryzae EST library and demonstrated enhancement of transcription ( Table 2 ). The sodM promoter showed the most GUS production in submerged culture, and it was expressed in the DPY medium as well as in the Czapek-Dox medium. On the other hand, melO promoter expression in the DPY medium showed a 95% decrease in comparison with that in the Czapek-Dox medium. GUS production of the sodM promoter in the submerged Czapek-Dox medium was higher than amyB, 1) enoA, 7) or No. 8AN, 9) although each carbon source, nitrogen source selectable marker, and host strain was different. Extracellular glucoamylase production under sodM promoter control reached approximately 1.0 g/l-broth for 3 d, and this led to an improvement in the culture period (Fig. 3) . The sodM promoter was expressed efficiently in the Czapek-Dox medium, and this made it possible to obtain very pure recombinant glucoamylase, which occupied 99% of all the extracellular proteins. The sodM promoter was enabled to express the glaB gene in A. oryzae M-2-3, in which the melO promoter was not expressed. This is probably because the A. oryzae M-2-3 strain does not produce the melanin-generating tyrosinase encoded by melO in submerged culture. The recombinant lectin was expressed for 3 d under sodM promoter control as a specific intracellular protein (Fig. 4) . The evidence presented in this communication demonstrates that the sodM promoter is a powerful tool for intracellular and extracellular recombinant protein productions in submerged culture of A. oryzae. Further work is in progress to express the other heterologous gene under sodM promoter control.
A manganese superoxide dismutase plays a role in scavenging reactive oxygen, and it has been reported to be induced by H 2 O 2 , 30) iron, 31) and unsaturated fatty acid (linoleic acid), 32) which generate reactive oxygen in the cells. This sodM was constitutively expressed in submerged culture, and was induced by the addition of 0.01% H 2 O 2 . The 5 0 -noncoding region of sodM (À1038 to À1) described in Fig. 5 contains 18 AGAAN sequences which consist of five at À531, À368, À262, À110, and À24 bp in the sense strand and thirteen at À974, À971, À900, À850, À836, À798, À783, À725, À711, À590, À443, À131, and À86 bp in the antisense strand. The AGAAN motifs are consensus DNA binding sites of the heat shock transcription factor (HSF) of Saccharomyces cerevisiae.
33) The HSF positively regulates the stress response gene family, and the sodM is involved in defense against various oxidative stresses in submerged culture. The 5 0 -noncoding region of sodM (À1038 to À1) contains two TATCTM sequences that include one at À345 bp in the sense strand and one at À736 bp in the antisense strand. The TATCTM motifs are consensus DNA binding sites of activator of nitrogen-regulated genes (NIT2) of Neurospora crassa. 34) NIT2 positively regulates the nitrogen-regulated gene family, and sodM is regulated by nitrogen because the sodM promoter was efficiently expressed in the CzapekDox medium using nitrate as sole nitrogen source.
The sodM gene was not expressed at all in the solidstate culture of rice or wheat bran, and was specifically expressed in submerged culture as shown by Northern blot analysis and GUS reporter assay (Fig. 2) . The expression profile of sodM is similar to those of melO 10, 11) and glaA 3) encoding glucoamylase, and melO and glaA as well as sodM are specifically expressed in submerged culture but little expressed in solid-state culture. This is because A. oryzae has alternative genes, glaB 13) and melB, specifically expressed in solid-state culture. Another gene encoding a manganese superoxide dismutase specifically expressed in solid-state culture is probably present in the A. oryzae genome. Expression of sodM, melO, and glaA might be controlled by a common transcription factor related to gene regulation in submerged culture of A. oryzae. This hypothesis is interesting in view of recombinant protein production in solidstate culture, but it remains unproved.
